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Abstract²,Q WKLV SDSHU WKH WRUTXH SURGXFWLRQ RI
IUDFWLRQDO VORW FRQFHQWUDWHG ZLQGLQJ )6&: SHUPDQHQW
PDJQHWV\QFKURQRXVPDFKLQHV3060DUHDQDO\]HGIURP
WKHSHUVSHFWLYHRI WKHDLUJDSILHOGKDUPRQLFVPRGXODWLRQ
DFFRXQWLQJIRUVORWWLQJHIIHFW ,W LV IRXQGWKDW WKHDYHUDJH
WRUTXHRI)6&:3060 LVSURGXFHGE\ERWK WKHSULQFLSOH
RIFRQYHQWLRQDO3060DQGWKHPDJQHWLFJHDULQJHIIHFW$
ILQLWH HOHPHQW DQDO\VLV )($EDVHG HTXLYDOHQW FXUUHQW
VKHHW PRGHO DQG KDUPRQLF UHVWRUDWLRQ PHWKRG LV ILUVWO\
XVHG LQ )6&: 30 PDFKLQHV ZLWK GLIIHUHQW VORWSROH
QXPEHU FRPELQDWLRQV WR TXDQWLI\ WKH UHVSHFWLYH
FRQWULEXWLRQRI WKHFRQYHQWLRQDO3060DQG WKHPDJQHWLF
JHDULQJHIIHFWWRWKHDYHUDJHWRUTXH7KHLQIOXHQFHRIVORW
RSHQLQJ RQ WKH PDJQHWLF JHDULQJ HIIHFW FRJJLQJ WRUTXH
DQG WRUTXH ULSSOH LV DQDO\]HG 7KH UHVXOWV VKRZ WKDW WKH
PDJQHWLF JHDULQJ HIIHFW PDNHV D QRQLJQRUDEOH
FRQWULEXWLRQ WR WKH DYHUDJH WRUTXH ZKHQ D ODUJH VORW
RSHQLQJVWDWRULVXVHG7KHH[SUHVVLRQRIWKHJHDUUDWLRLQ





Index Terms²FRQFHQWUDWHG ZLQGLQJ IUDFWLRQDO VORW








HIILFLHQF\KLJK WRUTXHGHQVLW\ ORZFRJJLQJ WRUTXHDQG IDXOW
WROHUDQFH >@ >@ 2YHUYLHZV RI WKH UHVHDUFK RQ )6&: 30
PDFKLQHVFDQEHIRXQGLQ>@DQG>@
'LIIHUHQW IURP LQWHJUDO VORW GLVWULEXWHG ZLQGLQJ PDFKLQHV
ZKLFK JHQHUDOO\ KDYH PRUH VLQXVRLGDO DUPDWXUH UHDFWLRQ IOX[
GHQVLW\ GLVWULEXWLRQV WKH )6&: PDFKLQHV KDYH XVXDOO\ QRQ
VLQXVRLGDO DUPDWXUH UHDFWLRQ IOX[ GHQVLW\ GLVWULEXWLRQV LQ WKH

0DQXVFULSW UHFHLYHG $SULO   UHYLVHG $XJXVW  
DFFHSWHG6HSWHPEHU
7KH DXWKRUV DUH ZLWK WKH 'HSDUWPHQW RI (OHFWURQLF DQG (OHFWULFDO
(QJLQHHULQJ 8QLYHUVLW\ RI 6KHIILHOG 6KHIILHOG 8. HPDLO
]T]KX#VKHIILHOGDFXN\OLX#VKHIILHOGDFXN
DLU JDS ZKLFK PHDQV WKHUH DUH DEXQGDQW DUPDWXUH ILHOG
KDUPRQLFV LQ WKHDLUJDSPDJQHWLF ILHOG:KHQRSHQRUVHPL
FORVHGVORWVDUHXVHGWRJHWKHUZLWKIUDFWLRQDOVORWZLQGLQJVIRU
D PRUH DFFXUDWH FDOFXODWLRQ VORWWLQJ HIIHFW VKRXOG EH WDNHQ
LQWRFRQVLGHUDWLRQ7KHLQIOXHQFHRIVWDWRUVORWWLQJRQWKHDLU
JDS IOX[ GHQVLW\ ZDYHIRUP PD\ EH DFFRXQWHG IRU E\ XVLQJ
UHODWLYHSHUPHDQFH PRGHO >@ >@FRPSOH[SHUPHDQFHPRGHO
>@RUVXEGRPDLQPRGHO>@
,Q WKH SDVW \HDUV WKH UHVHDUFK RI VORW KDUPRQLFV DQG
PRGXODWLRQHIIHFWDUHPDLQO\IRFXVHGRQSDUDVLWLFHIIHFWVVXFK
DV FRJJLQJ WRUTXH >@ >@ WRUTXH ULSSOH >@ XQEDODQFHG
PDJQHWLF IRUFH >@ >@ QRLVH DQG YLEUDWLRQ >@ >@ 7KH
LQIOXHQFH RI VORWWLQJ PRGXODWLRQ RQ WKH 30 DQG URWRU LURQ
ORVVHVKDYHDOVREHHQLQYHVWLJDWHGLQ>@>@
5HFHQWO\ WKH PRGXODWLRQ HIIHFW LQ HOHFWULFDO PDFKLQHV KDV
GUDZQUHVHDUFKHUV¶DWWHQWLRQ>@PDLQO\EHFDXVH WKHDYHUDJH





>@ IOX[PRGXODWHG >@ DQG VZLWFKHG IOX[ 6) >@ >@
PDFKLQHV$OWKRXJKWKHVORWKDUPRQLFVDQGPRGXODWLRQHIIHFW
KDV EHHQ UHVHDUFKHG H[WHQVLYHO\ LQ )6&: 3060V WKH
FRQWULEXWLRQRI WKH PRGXODWLRQ HIIHFWPDJQHWLFJHDULQJHIIHFW
WR WKH DYHUDJH WRUTXH KDV QRW EHHQ UHVHDUFKHG LQ )6&:
3060V\HW7KHWRUTXHLQ)6&:3060VZDVEHOLHYHGWREH
SURGXFHG E\ FODVVLFDO WRUTXH SURGXFWLRQ SULQFLSOH RI 30
PDFKLQHVRQO\
7KH DLP RI WKLV SDSHU LV WR UHYHDO WKH FRQWULEXWLRQ RI
PRGXODWLRQ HIIHFW WR WKH DYHUDJH WRUTXH LH WKH PDJQHWLF
JHDULQJ HIIHFW LQ )6&: 3060V ,W FRQWULEXWHV D QRQ
LJQRUDEOH SDUW WR WKH WRWDO WRUTXH HVSHFLDOO\ ZKHQ )6&:
3060V KDYH ODUJH VORW RSHQLQJV 6LQFH DYHUDJH
HOHFWURPDJQHWLF WRUTXH LV WKH PRVW FULWLFDO SHUIRUPDQFH IRU
3060V WKLV SDSHU ZLOO DQDO\]H WKH WRUTXH SURGXFWLRQ
PHFKDQLVP LQ GHSWK 7KH FRQWULEXWLRQ RI PDJQHWLF JHDULQJ
HIIHFWWRWKHDYHUDJHHOHFWURPDJQHWLFWRUTXHFDQEHTXDQWLILHG
XVLQJ WKH ILQLWH HOHPHQW DQDO\VLV )($EDVHG HTXLYDOHQW
FXUUHQW VKHHW PRGHO (&60 DQG D KDUPRQLF UHVWRUDWLRQ
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WRUTXH SURGXFWLRQ PHFKDQLVP RI )6&: 30 PDFKLQHV LV
LQYHVWLJDWHG EDVHG RQ WKH DLUJDS IOX[ KDUPRQLFV PRGXODWLRQ
DFFRXQWLQJ IRU VORWWLQJ HIIHFW ,W LV IRXQG WKDW WKH DYHUDJH
HOHFWURPDJQHWLF WRUTXH LV SURGXFHG YLD WZR SULQFLSOHV WKH
FRQYHQWLRQDO 3060 DQG WKH PDJQHWLF JHDULQJ HIIHFW ,Q
VHFWLRQ,,,D)($EDVHG(&60LVHPSOR\HGIRUDQSROH
VORW )6&0 3060 WR TXDQWLI\ WKH UHVSHFWLYH FRQWULEXWLRQ RI
FRQYHQWLRQDO VORWOHVV 3060 DQG PDJQHWLF JHDULQJ HIIHFW WR
WKH DYHUDJH HOHFWURPDJQHWLF WRUTXH ,Q VHFWLRQ ,9 WKH
LQIOXHQFH RI VORW RSHQLQJ RQ WKH PDJQHWLF JHDULQJ HIIHFW
FRJJLQJ WRUTXH DQG WRUTXH ULSSOH LV DQDO\]HG ,Q VHFWLRQ 9
EDVHG RQ WKH IRUPHU DQDO\VLV WKH H[SUHVVLRQ RI JHDU UDWLR LV
JLYHQ LQ WKLV SDSHU 7KH LQIOXHQFH RI JHDU UDWLR RQ WKH
FRQWULEXWLRQ RI WKH PDJQHWLF JHDULQJ HIIHFW WR WKH DYHUDJH
WRUTXH LV LQYHVWLJDWHGE\)($ LQ D VHULHVRI)6&:3060V




,Q WKLV VHFWLRQ WKH JHQHUDO 30 DQG DUPDWXUH UHDFWLRQ DLU
JDSPDJQHWLF ILHOGVRI)6&:VXUIDFHPRXQWHG30PDFKLQHV
DUH GHULYHG 7KHLU LQWHUDFWLRQ DQG WRUTXH SURGXFWLRQ
PHFKDQLVP ZLOO EH JLYHQ 7R REWDLQ DQ DQDO\WLFDO PRGHO IRU
WKHDLUJDSIOX[GHQVLW\WKHGLVFXVVLRQLQWKLVVHFWLRQLVEDVHG
RQWKHIROORZLQJDVVXPSWLRQV
 7KH SHUPHDQFH RI WKH VWHHO ODPLQDWLRQ LV LQILQLWH DQG
VDWXUDWLRQLVQRWFRQVLGHUHG7KHDLPRIWKLVVHFWLRQLVIRFXVHG
RQWKHPRGXODWLQJHIIHFWRIWKHVWDWRUVORWVYL]WKHPRGXODWHG
KDUPRQLF RUGHUV DQG VSHHG RI URWDWLRQ EXW QRW RQ WKH DFWXDO
DPSOLWXGHVRI WKH ILHOG KDUPRQLFV7KH WDQJHQWLDO FRPSRQHQW





 7KH OHDNDJH IOX[ DQG HQG HIIHFW DUH LJQRUHG IRU
VLPSOLFLW\
A. PM air-gap flux density 
)RU D )6&: PDFKLQH ZLWK VXUIDFH PRXQWHG 30V WKH
PDJQHWLFPRWLYHIRUFH00)JHQHUDWHGE\WKH30VLVVKRZQ
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)URP  WKH DWWULEXWHV RI WKH PRGXODWHG 30 DLUJDS
KDUPRQLFVDUHJLYHQLQ7DEOH,$IWHUWKHPRGXODWLRQRIVWDWRU
VORWV DSDUW IURP WKHRULJLQDOKDUPRQLFV RI RUGHU iprZLWK WKH
PHFKDQLFDOVSHHGRIURWDWLRQRIȍrWKHUHDOVRH[LVWPRGXODWHG
KDUPRQLFV ZLWK WKH RUGHU RI _iprjNs_ URWDWLQJ DW WKH VSHHG RI
iprȍr iprjNs 7KH SRVLWLYH DQG QHJDWLYH VSHHG RI URWDWLRQV
FRUUHVSRQG WR WKH KDUPRQLFV URWDWLQJ LQ WKH VDPH RU UHYHUVH
GLUHFWLRQZLWKWKHURWRU
B. Armature reaction air-gap flux density 
)RUD)6&:30PDFKLQHWKHDUPDWXUHUHDFWLRQ00)FDQ
EHH[SUHVVHGDV
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ZKHUHȦs LV LWV HOHFWULFDO URWDWLQJ YHORFLW\Ȧs prȍr m DQG k
DUH SRVLWLYH LQWHJHUV GHSHQGLQJ RQ WKH GLVWULEXWLRQ RI VWDWRU
ZLQGLQJVFkDQGFmDUHWKHDPSOLWXGHVRIWKHkWKDQGWKHmWK
RUGHUKDUPRQLFV
6LPLODUO\ WKH PRGXODWHG DUPDWXUH UHDFWLRQ DLUJDS IOX[
GHQVLW\ LQ WKH UDGLDOGLUHFWLRQFDQEHGHGXFHGE\PXOWLSO\LQJ
Fsșt DQG Pș IURP  DQG  WKH DWWULEXWHV RI WKH
PRGXODWHGDUPDWXUH UHDFWLRQDLUJDS ILHOG IOX[KDUPRQLFVDUH
JLYHQLQ7DEOH,,,WFDQEHVHHQWKDWDSDUWIURPWKHRULJLQDOkWK
RU mWK DUPDWXUH UHDFWLRQ PDJQHWLF ILHOG KDUPRQLF ZLWK WKH
PHFKDQLFDOVSHHGRIURWDWLRQRIprȍrk RUprȍrmWKHUHDOVR
H[LVW PRGXODWHG KDUPRQLFV ZLWK WKH RUGHU RI _kmjNs_
URWDWLQJ DW WKH PHFKDQLFDO VSHHG RI prȍrkjNs RU 
prȍrmjNs
C. Interaction of air-gap magnetic field harmonics 
%DVHG RQ WKH FODVVLFDO HOHFWURPDJQHWLF WKHRU\ WKHUH DUH
WKUHHFRQGLWLRQV IRU WRUTXHSURGXFWLRQEHWZHHQ WZRPDJQHWLF
ILHOGKDUPRQLFVZKLFKDUHVXPPDUL]HGDVIROORZV
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D 7KH\ KDYH WKH VDPH SROH SDLUV DQG VSHHG DQG WKHQ
SURGXFH VWHDG\ WRUTXH ,Q WKLV FDVH WKHUH DUH WZR SRVVLEOH
FDVHVZKLFKDUHOLVWHGDVIROORZV
D7KH WZRPDJQHWLF ILHOGVKDYH WKHVDPHSROHSDLUDQG
VSHHG WKH\ FDQ LQWHUDFWLRQ ZLWK HDFK RWKHU GLUHFWO\ DQG




PHFKDQLFDO VSHHG RI URWDWLRQV +RZHYHU WKHUH DUH IOX[




h f lp N p= ±  
ZKHUH pl LV WKH SROHSDLU QXPEHU RI WKH ORZVSHHG PDJQHWLF
ILHOG DQG ph LV WKH SROHSDLU QXPEHU RI WKH KLJKVSHHG
PDJQHWLF ILHOG Nf LW WKH SROH QXPEHU RI )03V 7KLV
SKHQRPHQRQ LV WHUPHG DV DLUJDS ILHOG PRGXODWLRQ DQGRU
PDJQHWLFJHDULQJ HIIHFW LH ILHOG PRGXODWLRQ HIIHFW IURP WKH
YLHZ SRLQW RI DLUJDS ILHOG DQG PDJQHWLF JHDULQJ HIIHFW IURP
WKH YLHZ SRLQW RI WRUTXH SURGXFWLRQ )LJ  E VKRZV D
VFKHPDWLFRIPDJQHWLFJHDULQJHIIHFW7KH)03VFDQPRGXODWH
WKH PDJQHWLF ILHOGV DQG PDNH WKHP KDYH WKH VDPH SROHSDLU
QXPEHUDQGVSHHGRI URWDWLRQ LQ WKHFRUUHVSRQGLQJDLUJDS WR








7DEOH ,,, VKRZV WKH DWWULEXWHV RI PDJQHWLF JHDULQJ HIIHFW
6LQFHplLVODUJHUWKDQphDVVKRZQLQ)LJELWFDQEHVHHQ
WKDW WKH ORZ VSHHG ILHOG FDQ KDYH DQ LQFUHDVHG WRUTXH DW D
UHGXFHG VSHHG 7KH WRUTXH SURGXFWLRQ SULQFLSOH RI PDJQHWLF
JHDULQJHIIHFWKDVGUDZQUHVHDUFKHUV¶DWWHQWLRQEHFDXVHRIWKLV
UHDVRQ DQG KDV EHHQ SURYHQ WR EH WKH ZRUNLQJ SULQFLSOH RI
KLJK WRUTXH GHQVLW\ PDJQHWLF JHDUV >@ 0RUHRYHU WKH
FRQWULEXWLRQ RI PDJQHWLF JHDULQJ HIIHFW WR WKH WRUTXH







































 3ROHSDLUQXPEHU 6SHHGRIURWDWLRQ 7RUTXH
+LJKVSHHGILHOG ph nrā*U T 
/RZVSHHGILHOG pl nr Tā*U
D
E
)LJ   6FKHPDWLF RI WRUTXH SURGXFWLRQ PHFKDQLVP D 3ULQFLSOH RI
FRQYHQWLRQDO 30 PDFKLQHV D E 3ULQFLSOH RI PDJQHWLF JHDULQJ
HIIHFWD
D. Torque production mechanisms in FSCW PMSM 
$FFRUGLQJ WR WKHDQDO\VLVDERYH LQD)6&:30PDFKLQH




r r r r r r
r s s s
ip nN k jN
ip p p
ip nN k jN m jN
­ ± = ±° Ω Ω − Ω®















KDUPRQLF DQG WKH XQPRGXODWHG DUPDWXUH UHDFWLRQ KDUPRQLF
VKDUH WKH VDPHRUGHU DQG VSHHGRI URWDWLRQ WKH\ FDQ LQWHUDFW
ZLWK HDFK RWKHU DQG SURGXFH XVHIXO WRUTXH ,Q WKLV ZD\ WKH
WRUTXH LV SURGXFHG E\ WKH SULQFLSOH RI WKH FRQYHQWLRQDO
3060
E prk WKH prth 30 DLUJDS IOX[ GHQVLW\ KDUPRQLF DQG
WKH kWK DUPDWXUH UHDFWLRQ KDUPRQLF GR QRW VKDUH WKH VDPH
RUGHU RU VSHHG RI URWDWLRQ KRZHYHU WKH\ KDYH WKH VDPH
IUHTXHQF\prȍrDVVKRZQLQ7DEOH,DQG,,+HQFH WKH\FDQ
VWLOO LQWHUDFWZLWKHDFKRWKHUDQGSURGXFHVWHDG\WRUTXHXQGHU
WKH PRGXODWLRQ RI DLUJDS SHUPHDQFH RI RUGHU jNs DV ORQJ DV
WKH\VDWLVI\E
,WLVQRWHZRUWK\WKDWLQ)6&:3060VZLWKprSROHSDLUVRIURWRU 30V GXH WR WKH ZLQGLQJ GLVWULEXWLRQ WKHUH H[LVWV
DUPDWXUHUHDFWLRQKDUPRQLFRIRUGHUNsprDQGLWKDVWKHVDPH
IUHTXHQF\ ZLWK WKH prth 30 DLUJDS IOX[ GHQVLW\ KDUPRQLFZKLFKVDWLVILHVE,QWKLVZD\WKHWRUTXHLQ)6&:3060V
FDQEHSURGXFHGE\WKHPDJQHWLFJHDULQJHIIHFW7KH30DQG
DUPDWXUHUHDFWLRQDLUJDSIOX[GHQVLW\KDUPRQLFVSOD\WKHUROH
RI WKH WZR PDJQHWLF ILHOGV DQG WKH Ns SROH VWDWRU WRRWK DQG





HIIHFW LQ )6&: 3060V FDQ EH IXUWKHU GHVFULEHG DV WKH
DUPDWXUH UHDFWLRQ KDUPRQLF LV PRGXODWHG WR WKH IXQGDPHQWDO
RUGHUE\ WKH VWDWRU VORWV LW FDQ LQWHUDFWZLWK WKH IXQGDPHQWDO
30KDUPRQLFDQGSURGXFHVWHDG\WRUTXH
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+HQFH LW FDQ EH VHHQ WKDW WKH WRUTXH RXWSXW RI )6&:
3060LVQRWRQO\SURGXFHGE\WKHSULQFLSOHRIFRQYHQWLRQDO
3060 EXW DOVR E\ WKH PDJQHWLF JHDULQJ HIIHFW 7KH
FRQWULEXWLRQ RI PDJQHWLF JHDULQJ HIIHFW WR WRUTXH LV
KLJKOLJKWHGDQGZLOOEHILUVWO\TXDQWLILHGLQWKLVSDSHU
E. FE validation 
,Q WKLV VHFWLRQ DQ SROHVORW VXUIDFHPRXQWHG 30
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YDOXH RI Brk Btk șrk DQG ștk FDQ EH REWDLQHG $IWHU WKLV WKH
FRQWULEXWLRQ RI LQGLYLGXDO DLUJDS ILHOG KDUPRQLFV WR WRUTXH
SURGXFWLRQ DW DQ\ WLPH LQVWDQW ZLWKLQ WKH SHULRG FDQ EH
TXDQWLILHGE\>@$IWHUUHSHDWLQJWKHDERYHSURFHGXUHV
RYHUDQHOHFWULFDOSHULRG WKHDYHUDJH WRUTXHSURGXFHGE\ WKH
kWK ILHOG KDUPRQLF ZLWKLQ WKH IXOO HOHFWULF SHULRG FDQ EH
REWDLQHG
7KHFRJJLQJWRUTXHDQGRQORDGWRUTXHWKHPDFKLQHLVIHG
ZLWK VLQXVRLGDO FXUUHQWV ZLWK WKH PD[LPXP SKDVH FXUUHQW
IPD[ $ DQG RSHUDWLQJ XQGHU IG  FRQWURO DUH FDOFXODWHG LQ
)($DQGWKHUHVXOWVDUHSURYLGHGLQ)LJD)RUWKHFRJJLQJ
WRTXH WKH FRQWULEXWLRQRI HDFKDLUJDS PDJQHWLF IOX[GHQVLW\
KDUPRQLFLVFDOFXODWHGXVLQJDWWKHPD[LPXPYDOXHSRLQW
ZKLFKLVHOHFWULFDOGHJUHHV7KHUHVXOWLVVKRZQLQ)LJE
,W FDQ EH VHHQ WKDW WKH WK KDUPRQLF PDNHV WKH PRVW
FRQWULEXWLRQWRWKHFRJJLQJWRUTXHZKHUHDVWKHWKKDUPRQLF
KDV D QHJDWLYH HIIHFW RQ LW )RU WKH RQORDG WRUTXH LQ WKLV 
SROHVORW PDFKLQH WKH WRUTXH ULSSOH LV PDLQO\ GHWHUPLQHG
E\ WKH FRJJLQJ WRUTXHDV VKRZQ LQ)LJ D+HQFH WKHWK
WK DQG WK KDUPRQLFV DUH WDNHQ DV DQ H[DPSOH WR
LQYHVWLJDWH WKH YDULDWLRQV RI DLUJDS VSDFH KDUPRQLFV ZLWK
UHVSHFWWRWKHURWRUSRVLWLRQ7KHDPSOLWXGHVWKHFRVLQHYDOXHV
RI WKH SKDVH GLIIHUHQFH RI WKHLU UDGLDO DQG WDQJHQWLDO
FRPSRQHQWVRYHUDQHOHFWULFDOSHULRGDUHVKRZQLQ)LJF








KDUPRQLFV WKHDYHUDJHYDOXHRIFRVșrk ștk LQ  LV LQDQ
HOHFWULFDOSHULRGDVVKRZQLQ)LJH6LQFHWKHWKKDUPRQLF




ZRUNLQJ KDUPRQLF +RZHYHU LW LV VWLOO XQFOHDU KRZ PXFK
FRQWULEXWLRQWKHPDJQHWLFJHDULQJHIIHFWPDNHVWRWKHDYHUDJH
WRUTXH LH WR GHFRPSRVH WKH WRUTXH DFFRUGLQJ WR GLIIHUHQW
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A. Introduction of the FEA-based ECSM 
,Q WKLV VXEVHFWLRQ DQ )($EDVHG HTXLYDOHQW FXUUHQW VKHHW
(&60ZKLFK LV WKHDSSOLFDWLRQRI HTXLYDOHQWFXUUHQW VKHHW
>@ >@ LQ )($ LV XVHG WR VWXG\ WKH KDUPRQLF EHKDYLRU
XQGHU WKH PRGXODWLRQ RI VWDWRU VORWV )LJ  7KH (&60 LV D
PHWKRGLQZKLFKWKHZLQGLQJFXUUHQWVDUHDSSUR[LPDWHGE\DQ
HTXLYDOHQW FXUUHQW VKHHW RI LQILQLWHVLPDO WKLFNQHVV GLVWULEXWHG
RYHU WKH VWDWRU VORW RSHQLQJV 7KLV PHWKRG LV XVHG WR EH
DSSOLHG WR DQDO\WLFDO GHULYDWLRQ RI DLUJDS IOX[ GHQVLW\
KDUPRQLFV >@ >@ 7KH )($EDVH (&60 LV WR EXLOG DQ
(&60 LQ WKH )($ VRIWZDUH 6LPLODU DV WKH FRQYHQWLRQDO
(&60 LQ DQDO\WLFDO PHWKRG LQ WKH )($EDVHG (&60 WKH
FRLOV DUH ZRXQG LQ WKH VDPH PDQQHU ZLWK WKH SROHVORW
30PDFKLQHVKRZQLQ)LJ7KHWKLFNQHVVRIWKHHTXLYDOHQW




VHHQ WKDW WKHSROHVORWPRGHODQG LWV)($EDVHG(&60
KDYHWKHVDPHPDLQIOX[WKHRQO\GLIIHUHQFHEHWZHHQWKHPLV
WKDW WKH SROHVORW PRGHO KDV VORW RSHQLQJ OHDNDJH IOX[





)LJ   $UPDWXUH UHDFWLRQ IOX[ OLQHV ID $ IE IF  D SROH
VORWPRGHOE)($EDVHG(&60

6LQFH RQO\ WKH IXQGDPHQWDO KDUPRQLF FRQWULEXWHV WR WKH
DYHUDJH WRUTXH >@ WKH DPSOLWXGH DQG SKDVH RI WKH WK
KDUPRQLF ZKLFK LV WKH IXQGDPHQWDO KDUPRQLF LQ SROH
VORWPDFKLQHLVJLYHQLQ7DEOH,9,WFDQEHVHHQWKDWDOWKRXJK
WKH DPSOLWXGHV RI WKH FRUUHVSRQGLQJ KDUPRQLFV LQ GLIIHUHQW
PRGHOVDUHQRWWKHVDPHWKHKDUPRQLFVRIWKHVDPHRUGHUDUH
LQSKDVH7RFDOLEUDWH WKHGLIIHUHQFH LQ WKH DPSOLWXGHFDXVHG








ZKHUH A9 DQG A( DUH WKH DPSOLWXGH RI WKH IXQGDPHQWDO
KDUPRQLFV LQ WKH )6&: 3060 DQG LWV )($EDVHG (&60
UHVSHFWLYHO\
+HQFH WKH DPSOLWXGH RI WKH SKDVH FXUUHQW I( LQ )($
EDVHG(&60LVVHWWREH




 SROHVORWPRGHO )($EDVHG(&605DGLDO 7DQJHQWLDO 5DGLDO 7DQJHQWLDO
$PSOLWXGH7    
3KDVH    
B. Quantification of torque contribution in an 8-pole-12-
slot machine 
$V KDV EHHQ DQDO\]HG DQG YDOLGDWHG LQ 6HFWLRQ ,, WKH
PDJQHWLF JHDULQJ HIIHFW RQO\ H[LVWV LI WKH DUPDWXUH UHDFWLRQ
KDUPRQLF RI FHUWDLQ RUGHU LV PRGXODWHG WR WKH IXQGDPHQWDO
RUGHU E\ WKH VWDWRU VORWV +HQFH LW LV LPSRUWDQW WR KDYH WKH
LQIRUPDWLRQ RI HDFK DUPDWXUH UHDFWLRQ KDUPRQLF EHIRUH DQG
DIWHU VWDWRU VORWWLQJ PRGXODWLRQ +RZHYHU DOO WKH DUPDWXUH
UHDFWLRQ KDUPRQLFV DUH IURP WKH VDPH FXUUHQW H[FLWDWLRQ DQG
FDQQRW EH VHSDUDWHG RQFH WKH FXUUHQW LV LQMHFWHG ,Q WKLV
VHFWLRQDKDUPRQLFUHVWRUDWLRQPHWKRG LVXVHGWRDQDO\]HWKH
EHKDYLRURIHDFKDUPDWXUHUHDFWLRQKDUPRQLFLQGLYLGXDOO\
)URP )($EDVHG (&60 DPRGHO ZLWKRXW 30V DQG VWDWRU
VORWV LV ILUVWO\ EXLOW WR JDLQ WKH LQIRUPDWLRQ RI WKH DUPDWXUH
UHDFWLRQ KDUPRQLFV EHIRUH EHLQJ PRGXODWHG E\ VWDWRU VORWV
)LJ7KHVSHFWUDDQGSKDVHVRIWKHDUPDWXUHUHDFWLRQDLUJDS
PDJQHWLF IOX[ GHQVLW\ EHIRUH PRGXODWLRQ DUH FDOFXODWHG E\
)($DQGVKRZQLQ)LJ$FFRUGLQJWR)LJWKHDPSOLWXGHV
RI WKH WK WK DQG WK KDUPRQLFV DUH ODUJHU WKDQ WKH RWKHU
KDUPRQLFV 0RUHRYHU VLQFH WKH\ VDWLVI\  WKH\ DUH
FRQVLGHUHGDVSULRULWLHV
D E





)LJ   )( SUHGLFWHG DUPDWXUH UHDFWLRQ DLUJDS UDGLDO DQG WDQJHQWLDO
PDJQHWLF IOX[ GHQVLW\ KDUPRQLFV EHIRUH PRGXODWHG D 6SHFWUD E
3KDVHV

7RDQDO\]H WKHEHKDYLRURI WKHDUPDWXUH UHDFWLRQPDJQHWLF
IOX[GHQVLW\KDUPRQLF LQGLYLGXDOO\ LWQHHGV WREHUHVWRUHGE\
WKH IROORZLQJ ZD\ DQ SROH RXWHU URWRU ZKLFK FRQVLVWV RI
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ZLWK WKDW RI WKH HTXLYDOHQW FXUUHQW VKHHW LQ )LJ  7KH
UHPDQHQFHDQGWKHLQLWLDODQJOHRIWKHSHUPDQHQWPDJQHWVDUH
DGMXVWHGVRWKDW WKHDPSOLWXGHDQGSKDVHRI WKHWKKDUPRQLF
SURGXFHG E\ RXWHU 30V DUH WKH VDPH ZLWK WKRVH E\ WKH
DUPDWXUHUHDFWLRQILHOGEHIRUHPRGXODWLRQ6LPLODUO\DSROH
RXWHU URWRU FRQVLVWV RI VLQXVRLGDOO\ PDJQHWL]HG SHUPDQHQW
PDJQHWV DUH DOVR EXLOW WR VLPXODWH WKH WK DUPDWXUH UHDFWLRQ
ILHOGEHIRUHEHLQJPRGXODWHGE\VWDWRUVORWWLQJ
$IWHU UHVWRULQJ WKH LQIRUPDWLRQ RI WKH DUPDWXUH UHDFWLRQ
KDUPRQLFVEHIRUHPRGXODWLRQWKHLUEHKDYLRUXQGHUPRGXODWLRQ
HIIHFWV FDQ EH VHHQ LQ WKH IROORZLQJ ZD\ WKH LQWHUDFWLRQV
EHWZHHQ WKH WK 30 ILHOG DQG WKH WK DQG WK DUPDWXUH




LQ WKH VDPH GLUHFWLRQ DW WKH PHFKDQLFDO VSHHGnrZKHUHDV LQ
)LJ E WKH SROH RXWHU 30V URWDWH DW KDOI PHFKDQLFDO
VSHHG RI WKH SROH LQQHU URWRU LQ WKH RSSRVLWH GLUHFWLRQ





)LJ  ,QWHUDFWLRQRI WKH ILHOG IOX[KDUPRQLFV DWK3000)DQG
WK DUPDWXUH UHDFWLRQ 00) E WK 30 00) DQG WK DUPDWXUH
UHDFWLRQ00)

,Q )LJ  WKH WRUTXH SURGXFHG E\ WKH LQWHUDFWLRQ RI
PDJQHWLF ILHOGV )LJ  D LV VKRZQ E\ OHJHQG ³3060´
6LQFHWKHDUPDWXUHUHDFWLRQDQG30PDJQHWLFILHOGVVKDUHWKH
VDPHRUGHULQWKLVFDVHWKHWRUTXHFRPSRQHQWLVSURGXFHGE\
WKH SULQFLSOH RI WKH FRQYHQWLRQDO HOHFWULFDO PDFKLQH 7KH
WRUTXHSURGXFHGE\ WKH LQWHUDFWLRQRI PDJQHWLF ILHOGV LQ)LJ
 E LV LOOXVWUDWHGE\ OHJHQG³0*´6LQFH WKHWK DUPDWXUH
UHDFWLRQDQGWKHWKRSHQFLUFXLWPDJQHWLFILHOGVGRQRWVKDUH
WKHVDPHRUGHUWKHWRUTXHFRPSRQHQWLQWKLVFDVHLVSURGXFHG
E\ WKH SULQFLSOH RI WKH PDJQHWLF JHDULQJ HIIHFW YL] WKH WK




7KH DFFXPXODWHG UHVXOW RI WKH WRUTXH SURGXFHG E\ WKH
SULQFLSOHRIFRQYHQWLRQDO3060DQGPDJQHWLFJHDULQJHIIHFW
LVJLYHQDQGFRPSDUHGZLWKWKHWRWDO WRUTXHLQ)LJ,WFDQ
EH VHHQ WKDW WKH DFFXPXODWHG UHVXOW PDNHV XS ! RI WKH
DYHUDJH WRUTXH LQ ZKLFK WKH PDJQHWLF JHDULQJ HIIHFW
FRQWULEXWHVDQGWKHFRQYHQWLRQDO30PDFKLQHSULQFLSOH
FRQWULEXWHV)URPWKLVSHUVSHFWLYHWKH)6&:3060







ILHOG KDUPRQLFV DQG WKH FRQWULEXWLRQ RI JHDULQJ HIIHFW WR WKH
DYHUDJHWRUTXHDUHLQYHVWLJDWHGLQWKLVVHFWLRQ7KHDPSOLWXGHV
RI WKH WK DUPDWXUH UHDFWLRQ DQG WKH 30 UDGLDO DLUJDS
PDJQHWLF IOX[ GHQVLW\ KDUPRQLFV DQG DYHUDJH WRUTXH ZLWK
UHVSHFW WRGLIIHUHQW VORWRSHQLQJDQJOHV IRU WKHSROHVORW
PDFKLQHDUHSURYLGHGLQ)LJVDQG
%\ DGRSWLQJ WKH )($EDVHG (&60 DQG WKH KDUPRQLF
UHVWRUDWLRQ PHWKRG WKH PRGXODWHG WK DUPDWXUH UHDFWLRQ DLU
JDSPDJQHWLF IOX[GHQVLW\KDUPRQLFZKLFKLVRULJLQDWHGIURP
WKH WK DUPDWXUH UHDFWLRQ 00) DQG WKH XQPRGXODWHG WK
DUPDWXUH UHDFWLRQ DLUJDS PDJQHWLF IOX[ GHQVLW\ KDUPRQLF
ZKLFK LVRULJLQDWHG IURPWKHWKDUPDWXUH UHDFWLRQ00)FDQ
EH VHSDUDWHG DV VKRZQ LQ )LJ  D ,W VKRZV WKDW WKH
PRGXODWHGWKDUPDWXUHUHDFWLRQDLUJDSPDJQHWLFIOX[GHQVLW\
KDUPRQLFLQFUHDVHVZLWKWKHLQFUHDVHRIVORWRSHQLQJ
,Q )LJ  E VLQFH WKH '& FRPSRQHQW RI HTXLYDOHQW DLU
JDSSHUPHDQFHLQFUHDVHVZLWKWKHGHFUHDVHRIVORWRSHQLQJWKH
DPSOLWXGHV RI IXQGDPHQWDO KDUPRQLFV LQFUHDVH ZLWK WKH
GHFUHDVH RI VORW RSHQLQJ +RZHYHU ZLWK WKH GHFUHDVH RI WKH
VORW RSHQLQJ WKH WRRWKWLS OHDNDJH IOX[ LQFUHDVHV DQG
WKHUHIRUH WKH DPSOLWXGH RI WK DUPDWXUH UHDFWLRQ DLUJDS
PDJQHWLFIOX[GHQVLW\KDUPRQLFDVZHOODVWKHDYHUDJHWRUTXH
GHFUHDVHVZKHQWKHVORWRSHQLQJLVYHU\VPDOO7KHWDQJHQWLDO





WKH XQPRGXODWHG WK DUPDWXUH UHDFWLRQ KDUPRQLF DQG 30
KDUPRQLF LV EDVHG RQ WKH SULQFLSOH RI FRQYHQWLRQDO 3060
7KHUHIRUH WKHLU UHVSHFWLYH FRQWULEXWLRQ WR WKH DYHUDJH
HOHFWURPDJQHWLFWRUTXHFDQDOVREHTXDQWLILHGZKLFKLVVKRZQ
LQ )LJ  D ,W FDQ EH VHHQ WKDW ZLWK WKH LQFUHDVH RI VORW
RSHQLQJ WKH DPSOLWXGH RI PRGXODWHG WK DUPDWXUH UHDFWLRQ
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ZKHUH Tm LV WKH WRUTXH SURGXFHG E\ WKH PDJQHWLF JHDULQJ
HIIHFWTtLVWKHDYHUDJHWRUTXH7KHUDWLRȡZLWKUHVSHFWWRWKH
VORW RSHQLQJ DQJOH IRU WKH SROHVORW PDFKLQH LV DOVR




WRUTXH DQG WRUTXH ULSSOH )RU WKH SROHVORW PDFKLQH
LQYHVWLJDWHG LQ WKLV SDSHU WKH FRJJLQJ WRUTXH LV WKH PDLQ
ULSSOH VRXUFH IRU WKH WRUTXH ULSSOH $FFRUGLQJ WR )LJ  WKH
WK RSHQFLUFXLW DLUJDS IOX[ GHQVLW\ KDUPRQLF PDNHV WKH
PRVW FRQWULEXWLRQ WR WKH FRJJLQJ WRUTXH ZKHUHDV WKH WK
KDUPRQLFKDVDQHJDWLYHFRQWULEXWLRQRQLW)URP)LJDLW
FDQ EH VHHQ WKDW ZLWK WKH LQFUHDVH RI WKH VORW RSHQLQJ WKH
DPSOLWXGH RIWKKDUPRQLF LQFUHDVHV EHFDXVHRI PRGXODWLRQ
HIIHFWRI VWDWRU VORWZKHUHDV WKHDPSOLWXGHRIWKGHFUHDVHV












PDJQHWLF ILHOG FDQ LQWHUDFW ZLWK WKH WK 30 PDJQHWLF ILHOG
XQGHU WKHPRGXODWLRQHIIHFWRI VWDWRU VORWWLQJ7KHJHDU UDWLR




= = −  
)RU )6&: 30 PDFKLQHV ZLWK pr SROH SDLUV RI URWRU 30V
GXH WR WKH ZLQGLQJ GLVWULEXWLRQ WKH DUPDWXUH UHDFWLRQ
KDUPRQLFRIRUGHUNsprKDVDFRPSDUDEOHDPSOLWXGHZLWK WKH
IXQGDPHQWDOprWKDUPDWXUHUHDFWLRQKDUPRQLF:LWK WKHVSHHG















LV DOVR TXDQWLILHG LQ SROHVORW SROHVORW SROH
VORW SROHVORW SROHVORW SROHVORW DQG 










Ns pr Nspr Gr 
   
   
   
   
   
   
   
   

7KH UDWLRȡ ZLWK UHVSHFW WR WKH JHDU UDWLR IRU GLIIHUHQW VORW
QXPEHU DUH LOOXVWUDWHG LQ )LJ  )RU WKH SROHVORW 
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